In admittance spectroscopy of organic semiconductor devices, negative capacitance values arise at 9 low frequency and high voltages. This study aims at explaining the influence of self-heating on the 10 frequency-dependent capacitance and demonstrates its impact on steady-state and dynamic experi-11 ments. Therefore, a one dimensional numerical drift-diffusion model extended by the heat equation 
The influence of self-heating on the device performance 22 has been recognized as a major issue in large-area OLEDs AQ1 .
1,2 23 Different remedies were taken to reduce the heat generation 24 on the anode caused by the resistive material. For example, 25 metal grids were added on top of the anode to decrease the 26 potential drop leading to more homogeneous potential, cur-27 rent, temperature, and light distributions. 3 However, in small 28 organic devices heat generation has only recently been of 29 concern. 4 
30
In order to characterize an organic semiconductor de-31 vice, a number of different techniques are available and com-32 monly performed. In admittance spectroscopy, negative 33 capacitance values are often observed at high bias and low 34 frequency and have started a controversial debate. Negative 35 capacitance measurements are well known from Si diodes. 36 Numerous explanations 5 (and references therein) are named 37 as origin or the negative capacitance is considered a parasitic 38 measurement effect. 6 First occurrence of negative capaci-39 tance in organic LEDs dates back about a decade. 7, 8 In gen-40 eral, the same structure also exhibits positive capacitance at 41 different measurement conditions such as frequency, applied 42 voltage, or temperature. A wide range of origins for the neg- 43 ative capacitance have been brought forward for organic 44 semiconductor devices. Electronic mail: beat.ruhstaller@zhaw.ch r Á ð 0 r rwÞ ¼ qðÀpÞ;
81 The vacuum permittivity is denoted by 0 , the relative per-82 mittivity by r , and the elementary charge by q. Furthermore, 83 the continuity equation (3) with the current density J p (2) is 84 solved where the mobility of the organic semiconductor is 85 given by l.
86
For simplicity, we assume fixed charge carrier densities 87 at the anode (4) and cathode (5). For a device with thickness 88 L and with N 0 the number of sites, we write
89 where the built-in voltage is denoted by V bi .
90
The classical drift-diffusion model (1)- (3) is only solved 91 in the organic material layer of the hole-only device as 92 shown in Fig. 1 .
93
The electrical model is extended by the heat equation 94 (6) , where the temperature is given by T. We assume that 95 
105 the parameter c stands for the specific heat capacity, q for 106 the density, and k for the thermal conductivity.
107
For the thermal part, we use convective and radiative 108 boundary conditions. The heat flux density F is calculated 109 from the heat transfer coefficient h and the ambient tempera- Boltzmann constant by r sample device with all parameters given in Table I, 
148
The transient current density djðtÞ is defined as
149 so that djðtÞ ! 0 in the steady-state limit ðt ! 1Þ.
150
Applying the formula for the capacitance (9) and con-151 ductance (10) to the transient current response to a small 152 voltage step as shown in Fig. 2 , we can calculate the capaci-153 tance C and conductance G of the sample device. The tran-154 sient current response in Fig. 2 
156 This formula can be useful for mobility determination.
157
A comparison between the two methods is displayed in 158 Fig. 3 the determination of the capacitance C and conductance G.
179
The two methods will be applied in Sec. IV.
180

III. STATIONARY SIMULATIONS
181
First of all, we turn to steady-state simulations and com-182 pare the results of the 1D-DD and 1D-EDD model. All pa-183 rameters are given in Table I .
184
In a first step, we perform the most common characteri- 249 value is only reached after a while, approx. 10 2 s here. 250 Transforming the data from the time domain to the frequency 251 domain according to Eq. (9) reproduces the negative capaci-252 tance effect nicely for the device with self-heating. The abso-253 lute value of the capacitance is shown in Fig. 6 for different 254 voltages. The curve corresponding to Fig. 8 is at 6 V, while 255 the curve without self-heating corresponds to Fig. 3 . To 256 understand the negative capacitance occurrence, Ershov 5 has 257 pointed out that for low frequencies formula (9) can be 258 approximated by
259 This implies that the integral that we add to the geometrical 260 capacitance C geom only depends on the transient current 261 response with respect to its steady-state value as indicated 262 with the blue line. The shaded area for the 1D-DD is mainly 263 under the blue line leading to a negative contribution. It is re-264 sponsible for the reduction of the geometric capacitance to a 265 value of approximately 0:8C geom in Fig. 3 . The shaded area 266 under the blue line is clearly bigger in the case of self-267 heating leading to an even more negative capacitance contri-268 bution such that expression (14) turns negative. Note that we 269 used a logarithmic time scale in Fig. 8 and the initial contri-270 bution to the dark injection transient cusp is relatively small 271 in comparison to the rest of the shaded area. With this 272 approach, we can easily classify a device with respect to neg-273 ative capacitance from its transient current density response. 274 The temperature increase due to self-heating enhances the 275 current density order of magnitudes later in time, which is 276 thus responsible for the negative capacitance effect.
277
In order to investigate the resulting time scale for heat-278 ing, in Fig. 9 With the aid of the Fourier method, an accessible expla-336 nation of the negative capacitance has been presented which 337 allows for an interpretation in the time domain, which is gen-338 erally more intuitive than the frequency domain. 339 The analysis, however, has been restricted to a trap-free 340 unipolar, single layer sample with constant mobility and sim-341 plified boundary conditions. As a next step, a quantitative 342 comparison between measurement and simulation is desired. 343 The model can be further improved by including a 344 temperature-dependent mobility model. In unipolar samples, 345 the negative capacitance effect might be overshadowed by 346 adding trap states if they act on a similar time scale. Trap 347 states usually enhance the capacitance at low frequency, 
